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Formation of metastable iron carbide phases after high-fluence carbon ion implantation into iron
at low temperatures
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Carbon ions were implanted with an energy of 100 keV into thin iron layers at temperatures0dfC.
Detailed analysis of structure was done by x-ray-diffraction synchrotron-radiation experiments. Phase forma-
tion was studied as a function of fluence fromX 20 up to 1.2x 10'® C*/cn?. The existence of cementite
(#-Fe,C) and other metastable phage$eC, and -Fe,C is demonstrated and explained by lattice-invariant
deformation. The sequence of phase transformation during subsequent annealing to temperatures of up to
450 °C was also investigated. The transformation sequence was found to end-&gJ@, which is explained
by a diffusion-determined proce4$0163-18207)04713-9

[. INTRODUCTION tron radiation a highly precise tool was used to study the
hardly detectable and distinguishable iron carbide diffraction
High-fluence ion implantation is an effective technique ofspectra. The main advantages of synchrotron radiation is the
forming metastable crystalline or amorphous phases, i.eVery high intensity and high resolving power proved to be a
phases with a free energy higher than that of the stable phay¢ell suited tool to study the Fe-C system.
under the prevailing conditions of temperature and pressure
(e.g., see Refs. 1 and).2The driving force for the II. EXPERIMENTAL CONDITIONS
implantation-induced formation and transformation of phases ) ] ) ) ]
is provided by the ion energy loss during the penetration and Pure iron films with a thickness of 400 nm were deposited
subsequent stopping in the solid. If the temperature of th&" (102) sapphire substrates by electron-beam evapperat|on
target is considerably lower than room temperature durin ith 4 rate of 0.3%0.02 nm/s at a pressure of6x10

. : e bar. Substrate temperature was held at 200 °C. Carbon ion
implantation the effect of diffusion could be neglected. Onlyimplantation was performed at 100 keV with fluences rang-

implantation-induced processes contribute to the phase fo{hg from 1.2<10"7 C*/cn? up to 1.2<10'® C*/cn. Speci-

mation. A significant number of experiments have .demon'mens were directly mounted on a liquid-nitrogen tank. Thus
strated that metastable phases can be formed by implant

X ?e'mperatures of about70 °C at the target surface during
tlon,.but, a_t present, no general theory has been developed fﬁ’lplantation with ion-beam current densities of-®.2
predict which metastable phases can be expected. ~ wAlcm? could be achieved. Temperature was controlled by a

The metal-nonmetal system iron/carbon is characterizef|jj.crNi thermocouple which was clamped onto the sample
by a SO|id SO|uti0n(aUStenite, mal’tensbt,ethe We”-knOWn Surface_ The iron f||mS imp|anted W|th a ﬂuence ()ﬁﬂ)lj
iron-cementite (6-Fe;C, cementity and other metastable C*/cn? were annealed at temperatures of 150, 300, and
crystalline iron carbide phase.g., x-F&C, or Hagg- 450 °C for 10 and 24 h, respectively. Annealing was per-
carbide, e-Fe,C,_,).2 From the thermodynamical point of formed in a vacuum furnace at a base pressure>ofal ’
view the iron carbide phases are very instable. The enthalpsbar (for details see Ref. 13 The x-ray-diffraction(XRD)
of formation of FgC and FeC, is —2 kd/mole and of R&€ is  experiments on thin implanted iron films were performed at
—1 kJ/mole, only* According to Jack and Wild,the exact the synchrotron-radiation source in HambuHASYLAB of
phase identification in the Fe/C system is difficult because othe DESY Hamburgwith monochromatic radiatiofwave-
the structural similarity of the carbide phases. The differentength A=0.13 nn). Only the diffraction spectra between
iron carbide phases are summarized in Table I. In the case @9¥=30° and 42° are presented, because the strongest peaks
high-fluence carbon ion implantation into iron previous workof the expected iron carbide phases are located within this
showed the formation of different stable and metastable crysange. All diffraction measurements were carried out at room
talline iron carbide phases at room temperature or evetemperature. Composition was investigated using Rutherford
higher temperatures!! Also hints for amorphization of iron  backscattering spectroscopRBS). 2.5 MeV He' ions
by carbon ion implantation at room temperature could beserved as projectiles which were detected under an angle of
found? The formation of iron carbide phases at implanta-170°.
tion temperatures considerably lower than room temperature
is not proved. . Ill. RESULTS AND DISCUSSION

In this paper we demonstrate the existence of metastable
iron carbide phases after high-fluence carbon ion implanta- RBS spectra of Fe layers on Si before implantation and
tion at low temperatures in iron and the transformation of theafter implantation with different carbon ion fluences at
formed metastable phases by subsequent annealing into-ar0 °C are presented in Fig(d. After implantation the dip
stable iron carbide phase. In this work by means of synchroin the Fe signal comes from a near Gaussian distribution of
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TABLE I. Lattice parameters, carbon concentration, and crystallographical data of the iron carbide phases
and solid solutiongRefs. 3 and 6-8

Carbon
concentration Lattice parameterenm)
Phase Composition (at. % Bravais lattice (at RT)

Iron a-Fe bcc a=0.28663
Austenite 0...83 fcc a=0.3572+0.00078(at. % Q
Martensite a'-Fe(C) 0...83 bct a=0.28664-0.00028(at. % O

c/a=1+0.0096(at. % O
Cementite 6-Fe;C 25.0 Orthorh. a=0.45248

b=0.50896

c=0.67443
Hagg-carbide  x-FeC, 28.6 Monocline  a=1.1562

b=0.4573

¢=0.5060

B=97.74°
e-carbide eFe,Ci_y 29.4 Hex. a=0.2754

(at Fe .C) c=0.43486

(at F& 40)
n-carbide n-Fe,C 33.0 Orthorh. a=0.4704

b=0.4318

¢c=0.2830

carbon centered around the projected range. In the case (s implanted and after subsequent annealing at different
implantation with 100 keV carbon ions in iron the meantemperatures for 10 or 24 h, respectively. Significant differ-
projected range is about 150 nm. The corresponding carboences between the as implanted state and that after annealing
ion range profile is plotted in Fig.(d). A specially designed can be observed. Annealing for 24 h at 150 °C leads to a
computer code was used to convert the spectra from Fig. decrease from 45 at. % carbon to about 40 at. % carbon of
into concentration profilegsee Fig. 2 For the implanted the concentration at the peak maximum. Annealing at 300 °C
fluences from 1.210"" C*/cn? up to 1.2<10' C*/en? the  for 10 h leads to an evident broadening of the carbon profile.
maximum carbon ion concentration varies from 10 at. % carThe concentration maximum is decreased down to 32 at. %
bon up to 65 at. % carbon. It has to be noted that thesearbon. If higher temperaturé450 °C, 10 h are chosen fur-
concentrations are far above the mean concentrations necdber flattening of the profile takes place. The stoichiometric
sary to reach stoichiometric conditions of any iron carbide concentration of 25 at. % carbon for Jeeis reached.
(see also Table)l Figures 1b) and Zb) show the RBS spec- Figure 3 shows XRD spectra of iron after implantation
tra of iron implanted with &10'" C*/cn? before annealing with carbon ions at a temperature 6770 °C as a function of
the carbon ion fluence ranged from ¥.20*" up to 1.2<10'®

energy [MeV] C*/cn?. Only the spectra betweerg230° and 42° are pre-

14 16 18 20 sented. The RBS measurements have demonstrated that these
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FIG. 1. Rutherford backscattering spectra(®firon implanted

with 100 keV carbon ions at 70 °C with different fluences anih) FIG. 2. Carbon concentration profiles extracted from RBS spec-

iron implanted with 6107 C*/cm? at 100 keV as implanted tra(see Fig. 1 Showing the variation ofa) fluence(from 6x 10

(T;=—70°0C) and annealed150 °C/24 h, 300 °C/10 h, 450 °C/10 C'len? up to 6x10Y C'/cm?) and (b) annealing conditiongas

h). Simulation of pure iron samplélotted ling as a guide to the implanted(T;=-70 °C) and annealed150 °C/24 h, 300 °C/10 h,

eye. 450 °C/10 h] for 100 keV carbon ion implantation into iron.
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FIG. 3. XRD spectra of iron implanted with 100 keV carbon  FIG. 4. XRD spectra iron after implantation withx@0"’
ions at —70 °C. Fluences ranging from @07 C*/cn? up to ~ C'/cn® at—70 °C and after annealing at 150 °C for 24 h, at 300 °C
1.2x10'8 C*/emP. Most intense reflections for iron carbide phasesfor 10 h and 450 °C for 10 h, respectively.
are indicated below. Note the choice of the intensity axis in the
different spectra. C*lcn?, i.e., with the increasing of the carbon content in iron

from 10 at. % up to 65 at. % carbon, more and more rich-

fluences correspond to concentrations between 10 and 8&rbon phases frond-Fe;C (25 at. % G through x-FeC,
at. % carbon. All samples exhibit a very strong peak @t 2 (28.6 at. % to 7-Fe,C (33 at. % are formed. The formation
=37.25° referring to thex-Fe (110 reflection. The deriva- of these phases is a result of the implantation. The diffusivity
tion of the experimentally determined interplanar spacingof carbon in iron is very low(<10 ?° cn¥/s) and the iron
dexp from the theoretically expected interplanar spacingself-diffusion is almost negligible at the implantation tem-
dihe=0.20268 nm was always:0.08%. In addition to the perature of—70 °C. Therefore, the phase formation should
(110 o-Fe diffraction peak weak reflections especially atbe explained in the context of the implantation, i.e., in the
20=31.55° and 41.09° are found after implantation with theabsence of long-range diffusion.
lowest fluence of 1.210'" C*/cn?. These can be correlated ~ Two types of interstices are available in the iron system
with the 6-Fe,C (210 and (221) peaks of the stable iron- taking into account all allotropic modifications of this sys-
cementite phase, onlisee Table ). With increase of the tem. But carbon atoms only occupy the octahedral sites,
carbon ion fluence to 810! C*/cn? reflections of iron- never the tetrahedral ones. In the very early stages of carbon
cementite and also of the metastableghi@arbide y-Fe,C,,  ion implantation carbon occupies those sites. By introducing
could be detected. The intensities of these XRD reflectionsnore and more carbon atoms a large anisotropic strain is
are increased, i.e., the volume fraction of these iron carbidbuilt up. Hence the solubility of interstitial atoms is very
phases is higher with increasing carbon ion fluences. Implarsmall. Carbon contents exceeding the equilibrium solubility
tation of 6x10'7 C*/cn? results in further formation of the lead to an arrangement of prisms where there is localized
metastable iron carbide phasgFeC,. The reflections of distortion to accommodate a carbon atom. Iron-cementite is
this phase can clearly be separated from others by severah example for an arrangement of such trigonal pri¥hs.
strong peaks. Diffraction data supplies reflections @t 2 Further increase in the number of incorporated carbon atoms
=32.83° 34.33°, and 39.28° which arise fromFe,C,  would require pronounced distortion and results in the for-
(020, (112, and (221) planes(see Table . These peaks mation of metastablg-FeC,, first, and then in the forma-
disappear after implantation of x40 C*/cn?. Small but  tion of the 7-Fe,C phase. The structure of both metastable
distinct peaks arise at6#234.85°, 35.75°, and 47.35° indi- phases has again been described on the basis of the arrange-
cating the presence of the iron carbide phasee,C. The  ment of trigonal prismé.The positions of the carbon atom
structure of the orthorhombig-carbide is very similar to the within one prism and the arrangement of the prisms is
structure of the hexagonal iron carbide phases,C,_, (lat-  slightly changed in these phases. The sequence of phase
tice parametersa,~v3a., b,~c,, c,7~a€).8 The major transformation of iron carbide phases by annealing is pre-
difference between both structures is the arrangement of theented in Fig. 4. As described above in the as implanted state
carbon atoms. In contrast to tlecarbide, in thep-carbide  after implantation &10' C*/cn? at —70 °C the existence
the carbon atoms produce a sublattice by regularly fillingof x-FesC, is evident. Strong reflections atf232.83°,
one-half of the octahedral sites between the iron atoms. Cor84.33°, and 39.28° are detected. Annealing at 150 °C for 24
sequently, the reflection of the-phase cannot be distin- h leads to an enhancement of the intensities of these peaks. If
guished from the=-phase within the experimental constraints a temperature of 300 °C is provided for 10 h the intensity of
for thin films. It can be summarized that with the increase ofthese peaks is strongly reduced. Only the reflection éat 2
the carbon ion fluence from A0 up to 1.2x10*®  =32.83° corresponding t¢020 x-FeC, is visible. Addi-
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TABLE Il. Comparison of the experimentally determined interplanar spadgggswith the theoretically
determined interplanar spacingl,e, within the 20 range from 30° up to 48° of iron after carbon ion
implantation at—70 °C with different fluences. The derivation betwedg,, and dye, is given by
Ad=|deo—dexgd/dineo-  100% anchkl are the Miller indices.

Experiment Theory
dexp dtheo Ad

Fluence 260 (nm) (nm) (%) (hkl) Phase
1.2x10' C*/em? 31.55 0.238 10 0.238 15 0.02 (210 6-Fe,C
33.14 0.226 97 0.226 31 0.29 (002 6-Fe,C
36.73 0.205 45 0.206 78 0.64 (102 6-Fe,C
0.205 45 0.204 93 0.25 (510 x-FeC,
41.09 0.184 45 0.185 34 048 (221 6-Fe,C
3x10Y Ct/en? 29.42 0.254 92 0.250 63 1.71 (002 x-FeC,
32.31 0.232 64 0.235 20 1.09 (200 7-FeC
33.04 0.227 64 0.228 65 0.44 (020 x-FeC,
34.64 0.217 43 0.219 06 0.75 (202 x-FeC,
36.73 0.205 45 0.206 78 0.64 (102 6-Fe,C
0.205 45 0.204 93 0.25 (510 x-FeC,
6x10'7 C*/en? 29.67 0.252 82 0.250 63 0.87 (002 x-FeC,
32.83 0.229 06 0.228 65 0.18 (020 x-FeC,
34.33 0.219 33 0.219 06 012 (202 x-FeC,
39.28 0.192 59 0.192 17 022 (221 x-FeC,
41.87 0.181 16 0.182 16 0.55 (511 x-FeC,
1.2x10'8 C*t/en? 30.95 0.242 60 0.242 50 0.04 (101 7-FeC
34.85 0.216 16 0.215 90 012 (020 7-FeC
35.75 0.210 89 0.211 30 020 (111 7-FeC
36.75 0.205 34 0.206 70 0.66 (210 7-FeC
47.35 0.161 20 0.161 20 0.00 (121 7-FeC

tionally it has to be noticed that thel10) Fe peak at 2 sheets in the monoclini€l00 plane. The decompaosition of
=37.25° is sharper. Annealing at even higher temperaturethe Hayg-carbidey-FesC, to iron cementite is determined by
(450 °C for 10 h leads to completely different diffraction a diffusion-controlled process. The carbon atoms in the trigo-
spectra. The previous peak ab-232.83° has disappeared hal prisms are able to diffuse away during annealing at
and another one with high intensity arises #=33.25°. higher temperatures. This process results in a reduction of
This peak can be identified with th@02) reflection of the localized distortion and an atomic arrangement of carbon
¢-Fe,C. Additional reflections observed a®269.80° and and iron, the cementite pha¥kThis thermodynamically in-
72.68° which can clearly be identified with52) and (430) duced phase transition leads to an orthorhombic, more
9-Fe,C reflections, confirm the existence of theFe,C  ClOSely packed structure.

phase.

Thus it can be concluded thgtFeC, iron carbide exist-
ing after implantation enlarges its volume portion after an- In conclusion the phase formation of iron carbide phases
nealing at 150 °C. At 300 °C this phase starts to transform tafter ion implantation at low temperaturg¢s-70 °C) was
the stablef-Fe,C, which is the dominant phase after anneal-studied. With increasing ion fluences the existence of
ing at 450 °C. The sequence of phase transformation fronf-F&C, x-F&C,, and alson-Fe,C for the highest fluences
the metastable-Fe,C, phase, rich in carbon, to the stable Was proved. Besides phase formation during ion implanta-
iron-cementite with a lower carbon content has been obtion phase transformation during subsequent annealing was
served. It should be noted that for higher carbon fluences th@lso studied by means of XRD synchrotron-radiation experi-
formed 7-Fe,C (e-Fe,C,_,) is first transformed tor-Fe,C, ~ Ments. The transformation sequengéeC,— 6-Fe;C dur-
and then, in a second stage, to the stabks,C phase. The ing anr_weallng was confirmed. The transf(_)rmatlon of _the (_1|f-
iron-cementite and the lgg-carbide have close similarities [€rént iron carbide phases can be explained by a diffusion-
between the structurga,~b , b,~c,, 2c,~ aX).7 The car- determined process.
bon atom environment in both phases is a trigonal prism of
iron atoms. These prisms are joined together by sharing
edges and corners. In theFe,C phase the prisms form The authors thank Dr. S. Doyle and Dr. T. Wroblewski
sheets which are stacked perpendicular tocthgis, whereas (HASYLAB Hamburg for assistance during diffraction
in the case ofy-Fe;C, iron carbide the prisms form double measurements.
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